Tumor necrosis factor (TNF) is a prototypic proinflammatory cytokine that contributes significantly to the development of immunopathology in various disease states. A complication of TNF blockade therapy, which is used increasingly for the treatment of chronic inflammatory diseases, is the reactivation of latent tuberculosis. This study used a low-dose aerogenic model of murine tuberculosis to analyze the effect of TNF neutralization on disease progression in mice with chronic tuberculous infections. Histological, immunohistochemical, and flow cytometric analyses of Mycobacterium tuberculosis-infected lung tissues revealed that the neutralization of TNF results in marked disorganization of the tuberculous granuloma, as demonstrated by the dissolution of the previously described B-cell-macrophage unit in granulomatous tissues as well as by increased inflammatory cell infiltration. Quantitative gene expression studies using laser capture microdissected granulomatous lung tissues revealed that TNF blockade in mice chronically infected with M. tuberculosis leads to the enhanced expression of specific proinflammatory molecules. Collectively, these studies have provided evidence suggesting that in the chronic phase of M. tuberculosis infection, TNF is essential for maintaining the structure of the tuberculous granuloma and may regulate the granulomatous response by exerting an anti-inflammatory effect through modulation of the expression of proinflammatory mediators.
A total of one-third of the world's population is infected with the tubercle bacillus (42) . More important, tuberculosis remains a principal infectious cause of mortality worldwide, resulting in approximately 1.8 million deaths annually (42) . The recent emergence of extensively drug-resistant strains of Mycobacterium tuberculosis is yet another reminder that the tubercle bacillus is a serious threat to public health (22) . The vast majority of those infected with M. tuberculosis do not manifest disease, though it is generally thought that a significant portion of this population harbors a latent infection. As a result, this population is a major obstacle to disease eradication, as reactivation of latent tuberculosis contributes significantly to the pathogenesis of the tubercle bacillus (12) . Understanding the mechanisms underlying the establishment of latent infection and subsequent reactivation is critical to the control of M. tuberculosis.
With the inhalation of the tubercle bacillus, a cascade of cellular migratory events is triggered that culminates in the formation of the tuberculous granuloma, the hallmark of tuberculosis infection (15, 17, 38, 40) . The tuberculous granuloma is a highly structured and yet dynamic entity comprised of a wide array of immune cells. It is generally accepted that the granuloma represents a component of the protective immune response against M. tuberculosis. While the precise mechanisms underlying the formation and maintenance of the granuloma remain to be determined, experimental evidence exists that specific cytokines and chemokines play an important role in regulating the granulomatous response triggered by M. tuberculosis infection (1, 12) .
Tumor necrosis factor alpha (TNF-␣), a cytokine whose protean biological functions include the regulation of immune cell trafficking (35) and the mycobacterial granulomatous response (2, 3, 13, 21, 30) , plays a significant role in the control of acute and chronic tuberculosis as well as Mycobacterium bovis BCG infection in the mouse (13, 21, 30, 34) . Recently, the relevance of TNF in the control of persistent human tuberculous infection has been demonstrated by epidemiological evidence that individuals treated with TNF blockade therapy for a variety of inflammatory diseases exhibit increased risks for the development of reactivation tuberculosis (20) . Indeed, this phenomenon has recently been recapitulated in computational biology virtual trials (27) . However, the precise mechanisms by which TNF contains M. tuberculosis in the latent phase of infection remain to be characterized.
It has previously been shown that TNF neutralization in the chronic phase of tuberculous infection results in histopathological features indicative of enhanced inflammation in the lungs of infected mice; these features are associated with increased cellularity, squamous metaplasia, and disorganization of the granuloma, suggesting that this cytokine might possess anti-inflammatory effects (30) . In the study by Mohan et al., the histopathological analysis of tuberculous lung tissues was carried out at 2 months after initiation of TNF blockade, at which time the pulmonic bacterial burden in mice treated with the TNF-neutralizing MP6-XT22 antibody was about 1.0 log higher than that in animals receiving control rat immunoglobulin G (IgG). Therefore, it remains possible that the granulomatous phenotype observed in the TNF-neutralized mice could be due to increased bacterial burdens secondary to MP6-XT22 treatment. In addition, that study used a murine experimental tuberculosis model involving a low-dose intravenous challenge with virulent M. tuberculosis Erdman. We have recently used the low-dose aerogenic murine tuberculosis model, a system that is generally thought to better mimic the respiratory mode of dissemination of the tubercle bacillus in humans, to show that TNF blockade in chronic tuberculous infection alters the production of specific chemokines by CD11b ϩ cells (3). Neutralization of TNF by the administration of MP6-XT22 at 4 months after low-dose aerogenic infection caused an exacerbation of the disease (3). This disease recrudescence is associated with significantly increased bacterial burdens in TNF-neutralized mice compared to the burdens in rat IgGtreated controls beginning at about 18 days after the initiation of MP6-XT22 treatment (3). Using this low-dose model of persistent murine tuberculosis, the present study focuses on examining the early effect of MP6-XT22 on the tuberculous granuloma during the initial phase of treatment (within the first 9 days postneutralization), when pulmonic bacterial burdens between the TNF-neutralized group and the control group are comparable. This approach avoids the introduction of organ bacterial load as a confounding factor in data interpretation. The results have shown that upon TNF depletion, structural integrity of the tuberculous granuloma is disrupted, as evident by the dissolution of the previously described B-cellmacrophage units that exist in M. tuberculosis-infected lung tissues (38) . In addition, TNF blockade in mice chronically infected with the tuberculous bacillus results in increased expression of proinflammatory cytokines and chemokines in the lungs. The latter observation suggests that TNF may exert an anti-inflammatory effect on the tuberculous granulomatous response in the lungs of mice infected with M. tuberculosis during the chronic phase of infection.
(Data presented here are part of a thesis [for S. D. Chakravarty] submitted in partial fulfillment of the requirements for the degree of Doctor of Philosophy in the Sue Golding Graduate Division of Medical Sciences, Albert Einstein College of Medicine, Yeshiva University.)
MATERIALS AND METHODS

Animals
. Female C57BL/6 mice (8 to 10 weeks old; Charles River Laboratories, Rockland, MA) were used for all experiments. All infected mice were maintained in our biosafety level 3 animal laboratories and routinely monitored for murine pathogens through serological and histological examinations. All animal protocols utilized in this study were approved by the Institutional Animal Care and Use Committee of the Albert Einstein College of Medicine.
Mycobacteria and infection of mice.
To maintain virulence, bacterial stocks of M. tuberculosis strain Erdman (Trudeau Institute, Saranac Lake, NY) were generated by being passaged through mice as described previously (14) . Mice were infected via the aerosol route and placed in a closed-air aerosolization system (In-Tox Products, Albuquerque, NM) to deliver the desired CFU (3, 38) . Inocula of about 50 to 200 CFU/lung were employed for the mouse studies presented here. Confirmation of the accuracy of inoculum delivery was determined by assessing lung bacterial burden at 24 h postinfection (30) .
Antibodies and treatment of mice. The mouse TNF-neutralizing antibody MP6-XT22 (DNAX and National Cell Culture Center) and normal rat IgG (Jackson ImmunoResearch Laboratories, West Grove, PA) were used as described previously (30) . Beginning 4 to 6 months postinfection, the neutralization of TNF was begun through intraperitoneal injection with 0.5 mg MP6-XT22 twice weekly for the duration of the experiment. At appropriate intervals after the commencement of in vivo TNF neutralization, tissue bacillary loads were quantified by plating serial dilutions of lung, spleen, and liver homogenates onto Middlebrook 7H10 agar (Difco Laboratories, Detroit, MI) as described previously (30) .
Histopathology and immunohistochemical staining. Tissue samples for histopathological studies were fixed in 10% normal buffered formalin, followed by paraffin embedment. For histopathological examination, 6-m sections were stained with hematoxylin and eosin (H&E). Immunohistochemical detection of different leukocyte subsets was carried out as described previously (38) . Briefly, 6-m cryosections of lung tissue were fixed in cold acetone for 5 min, followed by 80% ethanol for an additional 4 min. Upon subsequent quenching of endogenous peroxidase activity and blocking for endogenous biotin (Avidin/Biotin blocking kit; Vector Laboratories, Burlingame, CA), sections were blocked in 5% goat serum in phosphate-buffered saline (PBS) to prevent nonspecific binding before incubation with primary antibodies. The antibodies used for cell surface markers of interest were rat anti-mouse CD4 (CD4 ϩ T cells), CD8 (CD8 ϩ T cells), CD19 (B cells), and Ly6G (neutrophils) from BD Pharmingen; rat anti-mouse F4/80 (macrophages) from Serotec; and rabbit anti-human CD3 (T cells) (cross-reactive with murine CD3) from Dako. Sections were washed with PBS prior to reaction with appropriate biotinylated secondary antibodies (Vector Labs). The avidin-biotin complex-based signal amplification was achieved using the Vectastain Elite ABC kit, and diaminobenzidine (both from Vector) was used for signal development. Images were viewed on a Zeiss Axioskop 2 (Thornwood, NY) light microscope using a 10ϫ 0.30 numerical aperture Plan Neofluar objective.
Flow cytometry. CD45 ϩ cells from lungs of M. tuberculosis-infected mice treated with rat IgG and MP6-XT22 antibodies were obtained by preparing single-cell suspensions with subsequent immunomagnetic separation using CD45 ϩ microbeads and MACS MS separation columns (Miltenyi Biotec, Auburn, CA) as described previously (7, 38) . Dead cells were identified and excluded from analysis by means of staining with the Live/Dead reduced biohazard cell viability kit number 2 (green staining) or number 4 (blue staining) (Molecular Probes, Eugene, OR) (38) . Three-or four-color flow cytometric analyses of live cells were completed using the following fluorochrome-conjugated antibodies: anti-CD3-PerCP, anti-CD45-allophycocyanin, anti-CD19-phycoerythrin (BD Pharmingen), and anti-F4/80-phycoerythrin (Serotec Laboratories). An appropriate isotype control monoclonal antibody for each fluorochrome (BD Pharmingen) was included in all analyses. CD45 ϩ cells (1 ϫ 10 6 ) were stained using the above antibodies in fluorescence-activated cell sorter buffer (PBS containing 5% mouse serum, 10% fetal bovine serum, and 0.01% NaN 3 ) for 40 min at 4°C. Following additional washes in fluorescenceactivated cell sorter buffer and PBS, the cells were fixed in 4% paraformaldehyde for 30 min at 4°C. One milliliter of PBS was added to the stained cells, which were then collected using a FACSCalibur (BD Biosciences, San Jose, CA) cytometer. Analysis was performed using CellQuest software (BD Biosciences).
LCM-derived RNA procurement and isolation. Procurement of laser capture microdissection (LCM)-derived RNA and its isolation were carried out as described previously (45) . Briefly, upon H&E staining of lung sections and identification of granulomatous tissue using microscopy, a 15-mm or 30-mm laser beam was used for LCM by using the Pix-Cell II apparatus (Arcturus Engineering, Mountain View, CA). Capturing caps were used in the LCM procedure to procure granulomatous tissues. The nature of the granulomatous tissues dissected for the study and their location within the infected lungs have been described previously (45) . These tissues represent areas in infected mouse lungs that have been infiltrated with a variety of immune cells (45) . For our experiments, sections prepared from the entire left lung of each mouse studied were used for LCM procurement of granulomatous tissues. RNA was prepared from pooled granulomatous tissues thus prepared. For RNA extraction of LCM-VOL. 76, 2008 TNF NEUTRALIZATION AND HOST IMMUNITY TO TUBERCULOSISprocured granulomas, thermosensitive membranes with procured granulomas were peeled off from the capturing caps and transferred into an Eppendorf tube containing 390 l of a preincubation buffer (350 l 1ϫ PBS, pH 7.4, 30 ml 10% sodium dodecyl sulfate, and 10 l proteinase K [20 mg/ml] for up to 20 membranes per tube). Before the transfer of the thermosensitive film, this buffer was preincubated at 37°C for 30 min to minimize any contaminating RNase activity. When introducing the procured granulomas into the preincubation buffer, an additional 10 l of fresh proteinase K (20 mg/ml) was added. Four to 16 h later, RNA was extracted with 2 ml of TRIzol (Invitrogen) reagent. Two micrograms of yeast (Saccharomyces cerevisiae) tRNA was then added, and extraction was carried out according to the manufacturer's protocol. RNA pellets were resuspended into 100 l of diethyl pyrocarbonate-treated water. The RNA was treated with RNase-free DNase I (Roche, Indianapolis, IN) for 2 h at 37°C. The samples were subjected to a second round of TRIzol extraction. The RNA was resuspended in 10 l of diethyl pyrocarbonate-treated water; 1 l of which was put aside for the negative control reaction (the no-reverse transcription [RT] reaction) to exclude the possibility that signals obtained are due to DNA contamination.
Real-time RT-PCR.
Reverse transcription of LCM-derived RNA was completed using the First Strand cDNA synthesis kit for RT-PCR (avian myeloblastosis virus) (Roche) according to the manufacturer's protocol and using random primers. For real-time PCR, molecular beacons (synthesized by Integrated DNA Technologies, Coralville, IA) designed for genes of interest were utilized. The relative gene expression method was employed, and subsequent calculations were carried out as described previously (45) . The levels of gene expression measured were normalized to the housekeeping gene GAPDH (glyceraldehyde-3-phosphate dehydrogenase). The GAPDH real-time PCR was always run in parallel with that of the other genes of interest. The PCR protocol used was as follows: a hold of 10 min at 95°C and 40 cycles of 20 s at 95°C, 20 s at 55°C, and 30 s at 72°C. The real-time PCR was completed on an ABI Prism 7700 (Applied Biosystems, Foster City, CA), with data collection and analysis performed using its sequence detection system software, version 1.9.
Statistical analysis. Where appropriate, data points were subjected to the Mann-Whitney t test (nonparametric conditions) to determine statistical significance using GraphPad Prism 4 software. A P value of Ͻ0.05 was considered statistically significant.
RESULTS AND DISCUSSION
Disorganization of the structure of murine granulomas subsequent to TNF neutralization in the persistent phase of tuberculous infection: histological studies. To begin assessing the early effects of TNF blockade on the structure of pulmonic granulomas during the chronic phase of M. tuberculosis infection, histological examinations were carried out to examine the lungs of chronically infected mice treated with MP6-XT22 at 9 days after the initiation of treatment. At this early time post-TNF blockade, the bacterial burdens of infected lungs of MP6-XT22-treated mice and those of the rat IgG-treated controls were comparable (data not shown). Prior to antibody treatment, the lung granulomas of mice chronically infected with M. tuberculosis Erdman consisted of discrete lymphoid aggregates situated among a diffuse infiltration of lymphocytes and histiocytic cells (Fig. 1) , as described previously (30) . By day 9 after initiation of MP6-XT22 treatment, the dissolution of the lymphoid nodules became apparent (Fig. 1) . In contrast, the lymphoid aggregates were well maintained in the rat IgG-treated control group (Fig. 1) . The TNF neutralization-induced disaggregation of the lymphoid nodules continued to be apparent at 21 days posttreatment with MP6-XT22 (Fig. 1) . These results indicate that one effect of TNF blockade on the murine pulmonary granulomatous response during the chronic phase of infection is the dissolution of the lymphoid aggregates. These data confirm the observation derived from the intravenous model of tuberculosis that TNF modulates the architecture of the lymphoid aggregates in lungs of mice chronically infected with the tubercle bacillus (30) . In addition, the present results extend the previous observation to the aerogenic infection model and provide evidence that the effect of TNF blockade on the organization of the tuberculous granulomas occurs rapidly upon initiation of MP6-XT22 treatment when the lung bacterial burdens of the TNF-neutralized and rat IgG-treated mice are comparable. Dissolution of the B-cell-macrophage units in lung granulomas of mice with chronic tuberculosis upon TNF neutralization: immunohistochemical and flow cytometric studies. It has recently been shown that the lymphoid aggregates present in the lungs of mice with chronic tuberculosis consist mainly of B cells (15, 38) . Emerging evidence suggests that these B-cell nodules exhibit characteristics of germinal centers, suggesting the occurrence of tertiary lymphoneogenesis in the lungs of mice chronically infected with the tubercle bacillus (26, 40) . In mice, these B-cell aggregates are encircled by F4/80 ϩ macrophages (38) . Therefore, these B-cell-macrophage units represent a well-defined and microscopically apparent feature that reflects the structural organization of the tuberculous granuloma. The histological studies described above suggest the possibility that upon TNF blockade, the structure of the B-cellmacrophage units may be disrupted. It has previously been shown that virtually all the lymphoid aggregates in the lungs of mice with chronic tuberculosis represent B-cell nodules (i.e., the majority of the cells that make up the lymphoid nodules revealed histologically by H&E staining of M. tuberculosisinfected mouse lungs are CD19 immunoreactive) (26, 38) . As these B-cell aggregates are conspicuously circumscribed by macrophages (38) , the B-cell-macrophage units can be readily detected by immunohistochemical staining targeting F4/80 ϩ macrophages. Results obtained using this immunohistochemical approach revealed that the administration of MP6-XT22 to mice chronically infected with M. tuberculosis led to dissociation of the B-cell-macrophage units in the infected lungs (Fig.  2) . Dissociation of the spatial relationship between B cells and macrophages occurred as early as 9 days after the initiation of MP6-XT22 treatment and continued until at least 21 days after the start of TNF blockade (Fig. 2) . By contrast, treatment of mice with chronic tuberculosis using control rat IgG had no effect on the structure of the B-cell-macrophage units. That TNF neutralization in mice with chronic tuberculosis leads to the dissolution of B-cell aggregates is further supported by the results of immunohistochemical studies evaluating CD19 immunoreactivity in the lung granulomatous tissues of infected mice (Fig. 3) . The results of these studies have shown that by 9 days after the initiation of treatment with MP6-XT22, there is conspicuous dissolution of the CD19 immunoreactive nodules, with a marked decrease in the number of CD19 ϩ cells in the sections studied (Fig. 3) . Dissolution of the B-cell aggregates continues to be apparent 21 days after the start of TNF neutralization (Fig. 3) . In contrast, the administration of control rat IgG to mice with chronic tuberculosis has no effect on the structure of the B-cell nodules (Fig. 3) . The dissolution of the B-cell nodules and the disruption of the relationship between B cells and macrophages are not due to a decrease in the number of these leukocyte subsets, as flow cytometric analyses of lung cells revealed that these immune cells are present in comparable quantities in the MP6-XT22-and the rat IgGtreated groups (Fig. 4) . While TNF neutralization has no effect on the number of B lymphocytes and macrophages in the lungs of the treated mice, it is still possible that MP6-XT22 might affect processes (such as apoptosis and cellular recruitment) that regulate the turnover kinetics of these cells. The flow cytometry results exclude the possibility that the disorganization of the B-cell-macrophage structure is due to the attenuation of F4/80 or CD19 immunoreactivity as a result of TNF neutralization. This is because TNF neutralization has no significant effect on the mean fluorescence index of F4/80-and CD19-expressing cells and in vitro treatment of M. tuberculosis-infected, bone-marrow-derived macrophages from C57BL/6 mice with MP6-XT22 or rat IgG does not lead to altered F4/80 immunoreactivity of these cells (data not shown). Together, the data suggest that the disorganization of the spatial arrangement of B lymphocytes and macrophages is due to aberrant trafficking of these immune cells. In contrast to the conspicuous effect of MP6-XT22 on the spatial arrangement of the B-cell aggregates and macrophages, implementation of TNF blockade does not alter the distribution of CD4 ϩ T cells, CD8 ϩ T cells, or Ly6G ϩ neutrophils in the lungs of mice with chronic tuberculosis, as assessed by immunohistochemical analysis (Fig. 5) . The latter observation is not unexpected, as previous studies have shown that T cells and neutrophils do not exhibit any specific discernible pattern of distribution in tuberculous lungs of mice during the chronic phase of infection (38) . Collectively, these results suggest that during chronic tuberculosis infection, TNF is essential for the structural organization of the tuberculous granuloma. Specifically, TNF regulates aggregation of the lymphoid nodules of B cells and their association with macrophages. The fact that the dissolution of the B-cell-macrophage units occurs as early as 9 days after the initiation of TNF blockade (the equivalent of three doses of MP6-XT22) strongly suggests that the spatial arrangement of these two leukocyte subsets requires active maintenance by TNF, either directly or indirectly. Although the immunohistochemical approach did not reveal any microscopically apparent alteration in the distribution of neutrophils and T cells in the lungs of mice with chronic tuberculosis upon TNF neutralization, it remains possible that the method used may not have the level of sensitivity required to detect subtle, yet important, changes in the localization of these immune cells that might translate into functional alteration in the tuberculous granulomatous response. The effect of neutralization of TNF on gene expression in granulomatous tissues procured from the lungs of mice chronically infected with M. tuberculosis: comparison of MP6-XT22-treated and rat IgG-treated groups. As discussed above, results derived from an intravenous model of murine tuberculosis have provided evidence suggesting that TNF neutralization leads to increased tissue inflammation (30) . The present study used the aerogenic tuberculosis model to further characterize the putative anti-inflammatory effect of TNF during the chronic phase of infection. To begin addressing the inflammation-enhancing effect of TNF blockade, real-time PCR analysis was employed to study gene expression in the tuberculous granuloma. The tissues studied were procured through LCM to ensure that the effect is granuloma specific. Precautions were exercised to avoid sampling error; specifically, RNAs used for the gene expression studies were extracted from pooled granulomatous tissues microdissected from the entire left lung of each individual mouse examined. As in the immunohistochemical and flow cytometric studies described above, lung tissues were analyzed in the early phase post-MP6-XT22 treatment, when the tissue bacterial burdens of the experimental and control groups are comparable. As a result, any alterations in granuloma gene expression observed in the MP6-XT22-treated mice compared to that in the controls receiving rat IgG can be ascribed specifically to the effect of TNF neutralization.
In the first gene expression study, mice with chronic tuberculosis at 6 months postinfection with ϳ150 CFU of M. tuberculosis Erdman were used. The experimental group received MP6-XT22, while the control mice were treated with rat IgG. There were seven and three mice in the experimental and control groups, respectively. Gene expression was carried out using LCM-procured pulmonic granulomatous tissues 6 days after initiation of TNF blockade, at which time the mice had received two doses of either MP6-XT22 or rat IgG and the bacterial burdens in the lungs of the experimental and control groups, as expected, were comparable (Fig. 6A) . Based on the observation that TNF blockade in mice with chronic tuberculosis leads to increased pulmonic inflammation (30) , inflammatory chemokines, chemokine receptors that direct the migration of Th1 cells (the leukocyte subset that plays a critical role in engendering the protective host response to M. tuberculosis), monocytic phagocytes (12) as well as proinflammatory cytokines were targeted for evaluation. The expression of chemokines and chemokine receptors that direct B-cell migration, BLC/CXCL13 and CXCR5, respectively (31, 33, 46) , was evaluated because of the observations that TNF blockade causes disaggregation of the B lymphoid nodules ( Fig. 1 and 3 ) and that B lymphocytes from murine tuberculous lungs express CXCR5 and migrate toward CXCL13 (26) . In addition, the expression of NOS2 and Toll-like receptor 2 (TLR2) (the former is expressed in immunologically activated macrophages [8, 25, 36] and the latter is a molecule that plays an important role in signaling the interaction of M. tuberculosis components with host cells [23, 28, 37, 41] ) was evaluated.
A total of 21 immunologic factors were analyzed (Fig. 6B) . Studies targeting the proinflammatory cytokines revealed that the expression of interferon-␥ (IFN-␥) and interleukin-12p40 (IL-12p40), a component of the heterodimeric IL-12, was upregulated in the lung granulomas of TNF-neutralized mice compared to levels in the rat IgG-treated controls (P values were 0.0333 for IFN-␥ and 0.0476 for IL-12p40) (Fig. 6B) . The enhanced expression of NOS2 in the lung granulomas of TNFneutralized mice (P ϭ 0.0119) (Fig. 6B) paralleled the MP6-XT22-induced up-regulation of proinflammatory IFN-␥ and IL-12p40. Interestingly, the expression of IL-10 was increased in the TNF-neutralized mice compared to that in IgG-treated controls (P ϭ 0.0083) (Fig. 6B) . The mechanism underlying the latter observation is unclear, but may be a reflection of the host's attempt to counter the TNF blockade-induced increase in lung inflammation via the immunosuppressive effect of IL-10 (5, 10). Additionally, C57BL/6 transgenic mice producing increased amounts of IL-10 under control of the IL-2 promoter were shown, in a previous study, to have disorganized granuloma structures and reactivated persistent chronic tuberculosis when aerogenically infected (39) . That study suggests that increased pulmonic expression of IL-10 in MP6-XT22-treated mice could adversely affect disease outcome. Finally, TLR2, the pattern recognition receptor that plays a major role in signaling the interaction of M. tuberculosis components with host antigen-presenting cells, was up-regulated in the lung granulomas of TNF-neutralized mice compared to the levels in control animals (P ϭ 0.0083) (Fig. 6B ). Therefore, it is possible that the increased expression of this Toll receptor may contribute to augmenting inflammation during TNF blockade in the chronic phase of tuberculous infection.
When we examined inflammatory chemokine expression, macrophage inflammatory protein 2 (MIP-2)-1␣/CCL3, a ligand for CCR1 and CCR5, and MIP-1␤/CCL4, a ligand for CCR5 (31, 46) , were significantly elevated in TNF-depleted mice compared to levels in controls (P values were 0.0333 for both MIP-1␣/CCL3 and MIP-1␤/CCL4) (Fig. 6B) . The expression levels of MIP-3␣/CCL20, a ligand for CCR6, and monocyte chemoattractant protein 3 (MCP-3)/CCL7, a ligand for CCR1, CCR2, and CCR3 were also substantially elevated in response to neutralization of TNF by 6 days posttreatment (P values were 0.0083 for MIP-3␣/CCL20 and 0.0179 for MCP-3/ CCL7) (Fig. 6B) . Thus, upon neutralization of TNF in mice with chronic tuberculosis, there is an increase in the granulomatous expression of specific chemokines that can direct the migration of a wide variety of leukocytes, including subsets of T cells, B cells, monocytes, and dendritic cells (24, 31, 33, 46) . Of note, our previous study using the low-dose aerogenic mouse model has shown that TNF neutralization regulates the expression of CCL3, CCL4, CCL5, and CXCL9 by CD11b ϩ cells at 6 days after MP6-XT22 treatment (3). In agreement with the results of the present study based on quantitative PCR using RNA derived from granulomatous tissues, our previous experiments showed the up-regulation of CCL3 and CCL4 in CD11b ϩ cells at 6 days post-TNF blockade (3). However, while expression of CCL5 and CXCL9 was shown to be down-regulated in the TNF-neutralized mice in the CD11b ϩ cell experiments, results of the present study using total granulomatous tissues suggest that MP6-XT22 has no effect on the expression of these two chemokines. This discrepancy is likely due to the fact that whole granulomatous tissues are made up of a wide variety of immune cells, including CD11b ϩ phagocytes, the focus of our previous study. The results of the present study, obtained from studying whole granulomatous tissues, can be expected to yield information representative of the overall chemokine milieu of the tuberculous granuloma.
Gene expression studies targeting chemokine receptors revealed that relative to rat IgG treatment, the administration of MP6-XT22 to mice with chronic tuberculosis resulted in significantly increased expression levels of CCR6 at 6 days after initiation of TNF blockade (P ϭ 0.0119) (Fig. 6B) . CCR6 has been reported to be expressed by most B cells as well as by a subpopulation of T cells and dendritic cells (43) . Interestingly, the expression of the sole known ligand for CCR6, MIP-3␣/CCL20, was also increased in lung granulomas of mice with chronic tuberculous infection upon TNF neutralization (Fig. 6B) . Results of the study targeting BLC/CXCL13, the homeostatic chemokine that has been shown to regulate lymphoneogenesis (4, 11) , revealed that the expression levels are lower in TNF-neutralized mice compared to those in rat IgG-treated controls, although the difference did not reach statistical significance (Fig. 6B) .
Collectively, data from our quantitative gene expression studies have revealed that upon TNF neutralization, pulmonic granulomatous tissues of mice with chronic tuberculosis exhibit enhanced inflammation. This result is indicated by (i) the increased expression of two primary proinflammatory cytokines, IFN-␥ and IL-12p40, (ii) enhanced mRNA levels of specific chemokines and the chemokine receptor CCR6 that can direct migration of a wide variety of immune cells, and (iii) augmented expression of TLR2, which can potentially increase the inflammatory response of the host to mycobacterial components. These data provide evidence suggesting that TNF may exert an anti-inflammatory effect on tuberculous granulomatous tissues during chronic tuberculosis.
The Following 6 months postinfection, the mice were sacrificed 6 days after initiation of rat IgG or MP6-XT22 treatment. Lungs were homogenized and plated on 7H10 plates, and colonies were enumerated after 21 days. Data depicted represent the mean CFU obtained from each treatment group (the group treated with control IgG contained three mice, and the group treated with MP6-XT22 contained seven mice), and error bars represent standard deviations. (B) RNA prepared from granulomatous tissues in the lungs of mice at 6 days posttreatment (with control rat IgG or MP6-XT22) was used for cDNA synthesis and subjected to real-time PCR for genes of interest. Data presented represent the mean of results obtained from each treatment group (as described for panel A), and error bars represent standard errors of the means. Genes of interest shown with no P value displayed indicate that the differences observed between the two treatment groups were not statistically significant. studies were carried out to examine the effect of TNF blockade on gene expression in lung granulomas of mice with chronic tuberculosis in which the control group received no treatment, i.e., rat IgG was not administered. Since IFN-␥ is the primary inflammatory molecule up-regulated in the first study described above, this cytokine was the target of evaluation in the repeat experiment. In these studies, mice were evaluated at days 3 and 6 after the administration of MP6-XT22; untreated animals (day 0) were used as controls (Fig. 7) , thus allowing the kinetics of the TNF-induced up-regulation of IFN-␥ to be evaluated. As with the previous set of experiments, we used LCM-procured RNA from the pulmonic granulomas of the experimental and control mice for our real-time PCR analyses. Indeed, similar to the model that uses rat IgG as controls, results of the second experiment revealed up-regulation of IFN-␥ in lung granulomas of MP6-XT22 mice with chronic tuberculosis (Fig. 7B) . At day 3 after initiation of TNF blockade, when the experimental group had received one dose of MP6-XT22, pulmonic IFN-␥ expression levels were comparable among the treated and control mice. By day 6 post-TNF blockade, after two doses of neutralizing antibodies had been administered, IFN-␥ was significantly up-regulated in the lungs of MP6-XT22-treated animals (the P value was 0.047 for IFN-␥) (Fig. 7B) . A total of three controls, five TNF-neutralized mice at day 3, and four TNF-neutralized mice at day 6, were studied, and the lung bacterial burdens at the time of evaluation among the three groups of animals were comparable (Fig. 7A) .
Thus, results of the second gene expression study, using a model designed to more closely mimic TNF blockade in the clinical setting, again provided evidence that neutralization of this cytokine in mice with chronic tuberculosis leads to enhanced expression of IFN-␥. These data highlight the possibility that TNF exerts an anti-inflammatory effect during persistent tuberculous infection. Although TNF is generally thought to be proinflammatory, it has been demonstrated to exert immunosuppressive/anti-inflammatory effects in a number of in vivo animal models. For example, TNF has been shown to have an anti-inflammatory effect in a murine Corynebacterium parvum model in vivo (16) . Importantly, in a murine model of acute mycobacterial infection involving BCG and TNF-deficient mice, this cytokine has been shown to negatively regulate the Th1 immune response, which could be detrimental to the host (44) . In addition, it has been reported that TNF mediates a tissue-damaging effect in the acute phase of inflammation in the mouse experimental allergic encephalomyelitis model while exerting an immunosuppressive effect as the disease progresses, which eventually leads to protection against tissue damage and remission (18, 19) . A protective anti-inflammatory effect of TNF has also been described for the murine nonobese diabetes model (9) . With the use of an influenza hemagglutinin transgenic T-cell receptor mouse model, TNF has been shown to suppress a broad range of T-cell responses, including IFN-␥ production (9) . This in vivo observation of the IFN-␥-attenuating attribute of TNF was recapitulated in an in vitro model of chronic TNF exposure (9) . Collectively, these results provide strong evidence that TNF can contextually exert both proinflammatory and anti-inflammatory effects, depending on the pathophysiological states, and that the latter effect may be mediated through the suppression of IFN-␥ production. Mice were aerogenically infected with a relatively low inoculum of the virulent Erdman strain of M. tuberculosis (ϳ120 CFU). At 6 months postinfection, the mice were sacrificed at day 0 (untreated) and at days 3 and 6 after the administration of MP6-XT22. Lungs were homogenized and plated on 7H10 plates, and colonies were enumerated after 21 days. Data presented represent the mean CFU obtained from each time point (three for day 0, five for day 3, and four for day 6), and error bars represent standard deviations. The lung bacterial loads of mice in all experimental groups were comparable. (B) RNA was prepared from LCM-procured granulomatous tissues in the lungs of mice prior to the administration of MP6-XT22 and at 3 and 6 days posttreatment. The RNA was used for cDNA synthesis and subjected to real-time PCR for the IFN-␥ gene. Data presented represent the means of results obtained from each time point group (as described for panel A), and error bars represent standard errors of the means. The difference observed in IFN-␥ gene expression levels between time points for the day 0 group and the day 6 group was statistically significant (P ϭ 0.047).
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Conclusions.
For humans, it has been reported that TNF blockade-induced reactivation tuberculosis is associated with increased inflammation and disorganization of the granulomatous architecture (20) . The role of IFN-␥ in enhancing inflammation in this situation is unclear. In addition, it is not known whether the TNF neutralization-induced enhanced inflammation and the disorganized granulomas observed in the study of humans are the results of severe end-stage tuberculous recrudescence, where the bacterial burden is expected to be high. Results of the present study using a well-established murine model of chronic tuberculosis suggest that increased inflammation and disorganization of the granuloma structure occur in the very early stage of TNF blockade therapy, when the tissue bacterial burdens are comparable among the experimental and control mouse groups. Since excessive chemokine production at the site of inflammation can result in mistrafficking of immune cells (6, 32) , it is possible that the enhanced inflammatory response observed in TNF-neutralized mice (a component of which is increased expression of specific chemokines) could lead to disorganization of the granulomatous structure. In the case of the B-lymphoid nodules, it is noteworthy that chemoattraction of CCR6 ϩ B lymphocytes plays a critical role in the formation of intestine-associated B-lymphoid structures (43) . While it remains to be evaluated whether the CCR6-CCL20 interaction contributes to the formation of tertiary lymphoid organs, such as the B-lymphocyte aggregates present in the pulmonic granulomatous tissues of mice with chronic tuberculosis (38, 40) , it is conceivable that enhanced expression of CCR6 and CCL20 in the lungs of TNF-neutralized mice with chronic tuberculosis (Fig. 6B ) may lead to B-cell mistrafficking, therefore resulting in dissolution of the B-cell nodules. Accumulating evidence suggests that the B-cell aggregates in the lungs of mice chronically infected with M. tuberculosis display features of germinal centers (26, 40) and, therefore, are likely products of tertiary lymphogenesis (4, 11) . In addition, B cells have been shown to regulate the tuberculous granulomatous inflammatory response (26) and may be required for optimal control of M. tuberculosis. It is thus possible that dissolution of the B-cell nodules may contribute to the dysregulated inflammatory response in the lungs of TNF-neutralized mice with chronic tuberculosis. While the significance of T cells in host immunity to M. tuberculosis has been well established, the role of B lymphocytes in regulating the tuberculous granulomatous response deserves further evaluation.
TNF is required for the effective formation of tuberculous granulomas in the mouse (13, 30 ). An examination of human tuberculous granulomas in individuals receiving TNF blockade therapy for inflammatory diseases suggests the same (20) . TNF has been shown to play an important role in lymphoid organogenesis (29) . Whether a direct effect of TNF is essential for the maintenance of the spatial organization of the B-cell-macrophage is presently unclear. It will be of interest to evaluate the mechanisms by which TNF neutralization in mice with chronic tuberculosis can lead to enhanced IFN-␥ production and the relative significance of the latter cytokine in mediating the observed inflammation-enhancing effect of TNF blockade. Of additional interest will be an examination of the effect of TNF neutralization-induced altered expression levels of BCL/ CXCL13, CCR6, and MIP-3␣/CCL20 on the granulomatous reaction in general and of the organization of the B lymphocyte aggregates in the lungs of mice with chronic tuberculosis in particular. Results yielded from these investigations will likely shed light on how the tuberculous granulomatous response is regulated in chronic tuberculosis.
